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ABSTRACT 

(, The world-wide ionospheric  cu r ren t  system,) p red ic t ed  by a previous ly  

descr ibed  theory of the  a u r o r a l  e l e c t r o j e t s  (Fe je r  1963) '.is computed. 

T ida l  a i r  motions are neglected a t  f i r s t ,  and the  high l a t i t u d e  c u r r e n t  

system i s  assumed t o  be due e n t i r e l y  t o  the  i n t e r a c t i o n  o f  magnetospheric 

r o t a t i o n  wi th  the b e l t  of ene rge t i c  protons which a r e  trapped i n  the  

d i s t o r t e d  geomagnetic f i e l d .  For a given geomagnetic d i s t o r t i o n  and 

t rapped pro ton  d i s t r i b u t i o n ,  t h e  computed cu r ren t  system s t rong ly  

resembles Chapman's (1935) idea l i zed  D s  c u r r e n t  system i f  s u f f i c i e n t l y  

h igh  E reg ion  e l e c t r o n  concent ra t ions  independent of geographical  

p o s i t i o n  a r e  assumed. A s  the assumed e l e c t r o n  concent ra t ions  a r e  

decreased)  however, the  i n t e n s i t y  of t he  computed cu r ren t  system i s  

reduced, f i r s t  i n  the au ro ra l  zone and then  a t  a l l  l a t i t u d e s ;  a t  t h e  same 

t i m e ,  t he  phase of t he  cu r ren t  s y s t e m  i s  advanced i n  the p o l a r  cap and 

i s  r e t a rded  a t  low l a t i t u d e s .  t 

I n  view of t h i s  l i m i t a t i o n  of t he  cu r ren t  system by the  a v a i l a b l e  

e l e c t r o n  concent ra t ions  , ( the  la rge  d is turbance  v a r i a t i o n s  observed during 

an i n t e n s e  geomagnetic storm can  only be explained by the p re sen t  theory 

i f  i n  a d d i t i o n  t o  an enhancement i n  the  trapped proton d e n s i t y  g r e a t l y  

enhanced E reg ion  e l e c t r o n  concent ra t ions  a r e  assumed, p a r t i c u l a r l y  i n  the  ? \ 
U 
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a u r o r a l  zone. Such enhanced e l e c t r o n  concent ra t ions  are known t o  occur 

when b lanket ing  sporadic  E i s  observed. The observed c o r r e l a t i o n  

between b lanket ing  sporadic  E and the  s t r e n g t h  of the  e l e c t r o j e t  c u r r e n t  

(Matsushi ta  1962) i s  thus pred ic ted  by the  p re sen t  theory.  

i 

The i n t e r a c t i o n  of the t i d a l  wind system with the  b e l t  of trapped 

pro tons  i s  a l s o  considered. The r e s u l t i n g  a u r o r a l  e l e c t r o j e t  c u r r e n t s  

oppose the  D s  c u r r e n t  system i f  the u s u a l l y  accepted p a t t e r n  of upper 

atmospheric t i d a l  winds (Maeda 1955) i s  assumed; the  ex i s t ence  of a 

d i f f e r e n t  wind p a t t e r n  a t  high l a t i t u d e s ,  a t  l e a s t  during geomagnetic 

storms i s  a p o s s i b i l i t y  t h a t  cannot a l t o g e t h e r  be excluded al though i t  

appears  un l ike ly .  I f  t he  major i ty  of  e n e r g e t i c  p a r t i c l e s  i n  the  r a d i a t i o n  

b e l t  were e l e c t r o n s ,  then t h e i r  i n t e r a c t i o n  wi th  the  usua l ly  accepted 

t i d a l  wind p a t t e r n  would r e s u l t  i n  t h e  c o r r e c t  phase f o r  t h e  D s  c u r r e n t  

system; s a t e l l i t e  observat ions i n d i c a t e ,  however, t h a t  t he  ma jo r i ty  of 

t h e  e n e r g e t i c  p a r t i c l e s  a r e  protons.  

The p resen t  theory can a l s o  account f o r  t he  genera t ion  of meridional  

s t a t i c  e l e c t r i c  f i e l d s  of  t he  type t h a t ,  according t o  a theory of 

Megi l l  and Car le ton  (1963), cause mid - l a t i t ude  red a r c s .  

1. In t roduc t ion  

Ionospheric  c u r r e n t s  flowing a t  a he igh t  of about 100 km a r e  

be l ieved  t o  be the main cause of the d is turbance  d a i l y  v a r i a t i o n s  D s  o r  

S observed dur ing  geomagnetic storms. An idea l i zed  c u r r e n t  system 

re spons ib l e  f o r  the  mean D s  v a r i a t i o n  dur ing  40 geomagnetic storms of 

moderate i n t e n s i t y  has  been proposed by Chapman (1935). 

D 

A mean c u r r e n t  
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system f o r  geomagnetic bays was derived by S i l s b e e  and Vestine (1942). 

Fukushima (1953) and more r ecen t ly  F a i r f i e l d  (1963) have shown t h a t  

a t  any one i n s t a n t  during a geomagnetic storm o r  an i s o l a t e d  geomagnetic 

bay, the  cu r ren t  system may d i f f e r  cons iderably  from the  mean c u r r e n t  

systems der ived by Chapman (1935), S i l s b e e  and Vest ine (1942) and o the r s .  

I n  gene ra l ,  the  ins tan taneous  cu r ren t  system i s  f a r  more patchy than the  

averaged c u r r e n t  systems der ived  from a long s e r i e s  of observa t ions .  

A l l  t he se  c u r r e n t  systems show the presence of very s t rong  e a s t e r l y  

o r  wes te r ly  c u r r e n t s  i n  the  aurora l  zone; t hese  a r e  usua l ly  c a l l e d  au ro ra l  

e l e c t r o j e t s .  The f i r s t  t h e o r i e s  of t he  a u r o r a l  e l e c t r o j e t s  w e r e  e s s e n t i a l l y  

s i m i l a r  t o  the  dynamo theory of the q u i e t  day magnetic v a r i a t i o n s ;  a 

g r e a t  l o c a l  enhancement of the  ionospheric  conduc t iv i ty ,  and poss ib ly  

a l s o  of t he  wind v e l o c i t i e s  i n  the a u r o r a l  zone, had t o  be assumed by 

these  dynamo t h e o r i e s  (Obayashi and Jacobs,  1957) t o  e x p l a i n  the  D s  

c u r r e n t  system, An a d d i t i o n a l  d i f f i c u l t y  a rose  i n  connect ion with the 

phase of t he  D s  c u r r e n t  system predic ted  by the  dynamo t h e o r i e s  

(Matsushi ta  1953, Maeda 1957); a wind system a t  high l a t i t u d e s ,  whose 

phase i s  opposed t o  the  phase of  the wind system re spons ib l e  f o r  the  Sq 

v a r i a t i o n s ,  had t o  be assumed. 

Kern (1961) , Fe je r  (1961) , and Chamberlain (1961) have independently 

suggested t h a t  charge sepa ra t ion  caused by the  a d i a b a t i c  motion of 

e n e r g e t i c  trapped p a r t i c l e s  could lead  t o  the  a u r o r a l  e l e c t r o j e t  c u r r e n t s .  

r..,-- UULLeLIL3 - c -  . . - - - l - - - - J  p L u u u ~ ~ ~  L-- UY this type of charged sepa ra t ion  alone a r e  , however, 

n e c e s s a r i l y  temporary i n  cha rac t e r .  

I n  a subsequent paper ( h e r e a f t e r  r e f e r r e d  t o  as I) Fe je r  (1963) 

suggested t h a t  the  i n t e r a c t i o n  of magnetospheric motions wi th  the  b e l t  o f  



. 
- 4 -  

ene rge t i c  trapped protons observed by Explorer  X I 1  (Davis and Williamson 

1962)  could lead  t o  s teady aurora l  e l e c t r o j e t  c u r r e n t s  without a l o c a l  

enhancement of ionospheric  conduct iv i ty  o r  wind v e l o c i t y  a t  au ro ra l  

l a t i t u d e s .  The sugges t ions  put  forward i n  I a r e  considered i n  t h i s  

paper i n  a more q u a n t i t a t i v e  manner by the  computation of world-wide 

cu r ren t  systems, The main purpose of t he  c a l c u l a t i o n s  i s  t o  examine the  

r e a c t i o n  of t he  e l e c t r i c  f i e l d s  necessary t o  d r i v e  the  cu r ren t  system i n  

the ionosphere,  on the  o r i g i n a l  magnetospheric motions t h a t  were assumed 

t o  cause the  c u r r e n t  system. This e f f e c t  was ignored i n  I .  

2 .  

2 . 1  The i n t e r a c t i o n  of magnetospheric r o t a t i o n  wi th  ene rge t i c  protons 

- The Current  Generating Mechanisms Proposed i n  ( I )  

trapped i n  a d i s t o r t e d  geomagnetic f i e l d  

This f i r s t  mechanism i s  i l l u s t r a t e d  schemat ica l ly  by Fig,  1, which 

shows a c r o s s  s e c t i o n  of t he  b e l t  o f  trapped p a r t i c l e s  i n  the  e q u a t o r i a l  

p lane .  It i s  assumed t h a t  the ene rge t i c  protons de tec ted  by Explorer  X I 1  

(Davis and Williamson 1962)  represent  the  ma jo r i ty  of ene rge t i c  trapped 

p a r t i c l e s  p r e s e n t ,  The b e l t  i s  thus assumed t o  have a p o s i t i v e  space 

charge which must be a t  a l l  times approximately compensated by the space 

charge of t he  low energy plasma. Both the low energy plasma and the  

e n e r g e t i c  trapped p a r t i c l e s  par take i n  any magnetospheric d r i f t s  caused 

by the  presence of e l e c t r i c  f i e l d s ;  t he  e n e r g e t i c  p a r t i c l e s  a l s o  pa r t ake  

i n  an a d d i t i o n a l  d r i f t  caused by the  inhomogeneity of the  magnetic f i e l d .  

The l a t t e r  d r i f t  i s  much f a s t e r  for  t he  e n e r g e t i c  p a r t i c l e s  than the  

former and causes  them t o  d r i f t  around the  e a r t h  i n  a r e l a t i v e l y  s h o r t  

t i m e .  The e q u a t o r i a l  c ros s ing  poin ts  of the  guiding c e n t e r  of a p a r t i c l e  
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t rapped i n  an und i s to r t ed  d i p o l e  magnetic f i e l d  would l i e  on a c i r c l e  

concen t r i c  wi th  the  d ipole  axis .  

modified by the  presence of magnetospheric e l e c t r i c  f i e l d s ;  t he  

modi f ica t ion  w i l l  be neglected i n  the  p re sen t  paper ,  

This  c i r c l e  would be only s l i g h t l y  

When the geomagnetic f i e l d  i s  d i s t o r t e d  by t h e  s o l a r  wind, the  pa th  

of the  e q u a t o r i a l  c ross ing  p o i n t  of an  e n e r g e t i c  trapped p a r t i c l e  i s  

a l s o  d i s t o r t e d ;  the  c ross ing  po in t s  l i e  c l o s e r  t o  the  e a r t h  on the  

n i g h t  s i d e  than on the day s i d e .  This  i s  i l l u s t r a t e d  schemat ica l ly  

by Fig.  1, where the  shaded region r ep resen t s  the e q u a t o r i a l  c ros s ing  

p o i n t s  of the  pro ton  b e l t  i n  t he  d i s t o r t e d  geomagnetic f i e l d .  Fig.  1 

a l s o  shows the  pa th  of flow of the low energy plasma on the  assumption 

t h a t  the  only magnetospheric motion i s  t h a t  due t o  the  e a r t h ' s  r o t a t i o n .  

A s  a f i e l d  l i n e  approaches the  subsolar  p o s i t i o n ,  i t  reaches i t s  maximum 

compression; thus  the r o t a t i n g  low energy plasma i s  c l o s e s t  t o  the  e a r t h  

i n  the  subsolar  d i r e c t i o n  and i s  f u r t h e s t  on the  n i g h t  s i d e  ( i n  the 

a n t i s o l a r  d i r e c t i o n ) .  The n e t  r e s u l t  i s  t h a t  the low energy plasma t r i e s  

t o  s t ream ac ross  the  high energy proton b e l t ,  inward on the  morning s i d e  

and outward on the  evening s i d e ,  a s  seen from Fig.  1. Such a motion tends 

t o  upse t  the  balance of space charge s i n c e  the  excess  nega t ive  space 

charge of t he  low energy p a r t i c l e s ,  t h a t  compensates f o r  t he  p o s i t i v e  

space charge o f  the ene rge t i c  protons,  streams inward o r  outward. 

Charge n e u t r a l i t y  i s  nea r ly  res tored  by c u r r e n t s  a long the h ighly  

conduct ing f i e l d  l i n e s  which l i n k  the  magnetosphere t o  the  ionosphere and 

by ionospher ic  c u r r e n t s .  The ionospheric  c u r r e n t s  a r e  dr iven  by e l e c t r i c  

p o l a r i z a t i o n  f i e l d s  due t o  the r e s idua l  space charge.  These p o l a r i z a t i o n  
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f i e l d s  a l s o  produce d r i f t  motions i n  the  magnetosphere i n  a d d i t i o n  t o  t h a t  

of the  e a r t h ' s  r o t a t i o n .  

h igh ,  t hese  secondary motions may be neglected as they were i n  I. 

r e a l i t y ,  the  ionospheric  conduct iv i ty  i s  no t  i n f i n i t e l y  h igh  and the  study 

of the  r e a c t i o n  of the  e l e c t r i c  f i e l d s ,  requi red  t o  d r i v e  t h e  ionospheric  

c u r r e n t s ,  on the  o r i g i n a l  motions of t h e  magnetosphere i s  the  main 

purpose of the  p re sen t  paper .  

2 . 2  

I f  t he  ionospheric  conduct iv i ty  i s  s u f f i c i e n t l y  

I n  

The i n t e r a c t i o n  of the  t i d a l  wind system wi th  t h e  b e l t  of ene rge t i c  

t rapped pro tons  

A second cu r ren t  genera t ing  mechanism, a l s o  proposed i n  I ,  made use 

of t he  magnetospheric motions a s soc ia t ed  with the  t i d a l  wind system and 

wi th  the  dynamo cu r ren t  system caused by these  t i d a l  winds. These 

magnetospheric motions i n t e r a c t  with the  b e l t  o f  t rapped pro tons .  

c u r r e n t s  caused by t h i s  i n t e r a c t i o n  a r e  a d d i t i o n a l  t o  the  ord inary  dynamo 

c u r r e n t  system. It w i l l  be shown i n  t h i s  paper t h a t  t he  a d d i t i o n a l  c u r r e n t  

system i s  e s s e n t i a l l y  s imilar  t o  the  c u r r e n t  system produced by the  

i n t e r a c t i o n  of magnetospheric r o t a t i o n  wi th  the  proton b e l t  i n  the  

d i s t o r t e d  geomagnetic f i e l d  ( t h e  f i r s t  mechanism). The c u r r e n t  systems 

caused by these  two mechanisms a re  determined by the  same type of 

d i f f e r e n t i a l  equat ion  and a r e  both caused by the  s t reaming of low energy 

plasma ac ross  t h e  b e l t  of ene rge t i c  trapped charged p a r t i c l e s .  The 

d i s t o r t i o n  of t he  geomagnetic f i e l d  i s  e s s e n t i a l  t o  the  f i r s t ,  bu t  not  

t o  the  second mechanism. 

The 

3 .  Method of Computation of the Ionospheric  Current System 

The computations descr ibed  in  t h i s  s e c t i o n  resemble the  computations 
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of ionospher ic  cu r ren t  systems caused by t i d a l  motions. 

assumptions made a r e  e s s e n t i a l l y  s i m i l a r  t o  those made i n  a paper 

( h e r e a f t e r  r e f e r r e d  t o  as 11) by Fe je r  (1953). 

a x i s  i s  assumed t o  co inc ide  wi th  the a x i s  of r o t a t i o n  and the  d i r e c t i o n  

of t h e  s o l a r  wind i s  assumed t o  be perpendicular  t o  both axes.  

atmospheric wind system, which i s  requi red  only f o r  t h e  second mechanism, 

i s  taken t o  be symmetrical wi th  respec t  t o  the  equator .  

theory ,  t h i s  r e s u l t s  i n  the r e s t r i c t i o n  of the  c u r r e n t  system t o  a t h i n  

cur ren t -car ry ing  s h e l l  between approximately 90 and 150 km. Although 

i n  the  p re sen t  c a l c u l a t i o n s  t h i s  i s  not  t r u e  near  t he  a u r o r a l  zone, 

the  expressions f o r  the  he ight - in tegra ted  c o n d u c t i v i t i e s  given i n  11, 

where the  v e r t i c a l  c u r r e n t  dens i ty  was assumed t o  vanish ,  are used. 

e r r o r  caused i n  t h i s  manner may be shown t o  be very s m a l l .  

The s impl i fy ing  

The e a r t h ' s  magnetic 

The 

I n  the  dynamo 

The 

I n  the  p re sen t  c a l c u l a t i o n s  the t i d a l  wind v e l o c i t y  components a r e  

taken t o  vary harmonically wi th  loca l  time ( long i tude ) ,  wi th  a per iod of 

24 hours ,  and the  he ight - in tegra ted  conduct iv i ty  i s  taken t o  be independent 

of t he  l a t i t u d e  and the  longi tude.  The computer program provides ,  however, 

f o r  the  poss ib l e  presence of  t i d a l  winds wi th  per iods  of 24/11 hours ,  where 

n i s  an i n t e g e r ,  and f o r  a poss ib l e  v a r i a t i o n  of conduc t iv i ty  wi th  l a t i t u d e .  

Apart  from the  t i d a l  winds, the atmosphere below, say ,  150 km i s  

taken t o  r o t a t e  wi th  the  e a r t h  and i s  thus s t a t i o n a r y ,  when considered 

from a system r o t a t i n g  wi th  the ea r th .  

t o  such a r o t a t i n g  coord ina te  system. 

All equat ions  of t h i s  paper r e f e r  

The l i n e s  of force  i n  the magnetosphere a r e  a l s o  very nea r ly  l i n e s  

of equal  p o t e n t i a l  because the e f f e c t i v e  conduc t iv i ty  p a r a l l e l  t o  t h e  
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magnetic f i e l d  i s  very h igh .  

t o  the  magnetic f i e l d  i s  governed by the p o l a r i z a t i o n  e l e c t r i c  f i e l d  which 

i s  very nea r ly  perpendicular  t o  the f i e l d  l i n e s .  These motions of the  

low energy plasma take p l ace  i n  such a manner t h a t  the p a r t i c l e s  which a t  

one time occupy a c e r t a i n  tube of f o r c e ,  cont inue a t  a l l  l a t e r  times t o  

occupy a tube of fo rce  of equal  f l ux  conten t .  The motions appear a s  

in te rchanges  of tubes o f  force  and could be f u l l y  descr ibed by the motion 

of t he  f e e t  of the l i n e s  of force on the  ionospher ic  s h e l l .  Let Q be 

h a l f  the space charge of  the  low energy plasma f i l l i n g  a tube of fo rce  

which carves  out  an a rea  of 1 cm2 from the  ionospheric  s h e l l  a t  each of 

The motion of low energy plasma perpendicular  

i t s  f e e t  and l e t  v be the v e l o c i t y  of the  foo t  of the l i n e  of force  on 

the  ionospheric  s h e l l .  Then the  l i n e a r  cu r ren t  d e n s i t y ,  caused by the  

motion of t he  low energy magnetospheric plasma, p ro jec t ed  along the  l i n e s  

of fo rce  t o  the  ionospheric  s h e l l ,  may be expressed a s  Qv Here v i s  

caused only by the  presence of e l e c t r i c  f i e l d s  seen from a r o t a t i n g  frame 

of  r e fe rence  and, t h e r e f o r e ,  does not  inc lude  the  e a r t h ' s  r o t a t i o n ,  The 

space charge Q approximately compensates a t  a l l  t i m e s  the  space charge -Q 

of t he  e n e r g e t i c  trapped p a r t i c l e s .  I n  a s t a t i o n a r y  s t a t e ,  wi th  the  

p re sen t  assumptions of symmetry, the space charge -Q of the  ene rge t i c  

p a r t i c l e s  would be f ixed  i n  space i f  regarded from a non-ro ta t ing  coord ina te  

system; i n  a r o t a t i n g  system, a f t e r  p r o j e c t i o n  t o  the  ionospheric  s h e l l  

a long the  l i n e s  of f o r c e ,  t h e  space charge -Q appears  t o  move a t  an apparent  

v e i o c i t y  -v  where v i s  the  v e i o c i t y  of r o t a t i o n  of the  e a r t h ' s  

ionospher ic  s h e l l  (where the  neu t r a l  atmosphere i s  assumed t o  r o t a t e  

wi th  the  e a r t h ) .  The apparent  he ight - in tegra ted  c u r r e n t  d e n s i t y  p ro jec t ed  

-D 

-D * -D 

-R , -R 
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t o  the ionospheric  s h e l l ,  caused by the  presence of the  b e l t  of trapped 

e n e r g e t i c  p a r t i c l e s ,  i s  thus (-Q) * (-lR) = QxR, a s  observed from a 

r o t a t i n g  coord ina te  system. 

I n  a d d i t i o n  t o  these  magnetospheric c u r r e n t s  ac ross  the  f i e l d  l i n e s ,  

and QxR which may be expressed as he igh t - in t eg ra t ed  c u r r e n t  d e n s i t i e s  Qv 

a f t e r  p r o j e c t i o n  t o  the  ionosphere along the  l i n e s  of f o r c e ,  t h e r e  a r e  

a l s o  ionospher ic  c u r r e n t s  caused by the  p o l a r i z a t i o n  e l e c t r i c  f i e l d  E 
1, 

and, i f  the  second mechanism i s  ope ra t ive ,  a l s o  by the dynamo e l e c t r i c  

f i e l d  E .  where the  terminology of I1 i s  used. I f  t he  he igh t - in t eg ra t ed  

ionospher ic  cu r ren t  dens i ty  i s  denoted by j ,  then the  conserva t ion  of 

charge demands t h a t  no o v e r a l l  accumulation o f  charge should take p l ace  

i n  a tube of force .  The he igh t - in t eg ra t ed  c u r r e n t  d e n s i t i e s  (pro jec ted  

t o  the  ionospheric  s h e l l )  Qv 

equat ion  

-D 

-1 

- 

QvR and j must t h e r e f o r e  s a t i s f y  the  -D ’ - 

d i v  ( j  + QxR + Q!D> = 0 .- 

over  the  ionospher ic  s h e l l .  This equat ion  i s  of genera l  v a l i d i t y  and may 

be appl ied  t o  both mechanisms, o r  i n  the  s p e c i a l  case  Q = 0 t o  the  t i d a l  

dynamo theory.  

Assumptions about the  space charge d e n s i t y  -Q of the  e n e r g e t i c  

p a r t i c l e s  must be made i n  o rde r  to  so lve  equat ion  (1). I n  an und i s to r t ed  

geomagnetic f i e l d  and wi th  the  present  assumptions of symmetry, the  va lue  

of Q would depend only on the  c o l a t i t u d e  8 .  I n  a geomagnetic f i e l d  

d i s t o r t e d  by the  s o l a r  wind, Q a l so  depends on the longi tude  ( l o c a l  t ime) .  

This  asymmetry arises because the trapped e n e r g e t i c  p a r t i c l e s ,  t he  
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major i ty  of which a r e  taken t o  be p ro tons ,  a r e  trapped on f i e l d  l i n e s  

whose f e e t  a r e  a t  lower l a t i t u d e s  on the  day s i d e  than on the  n igh t  s i d e .  

This apparent  d iu rna l  l a t i t u d e  s h i f t  of t he  pro ton  b e l t  i s  regarded he re  

a s  smal l ,  independent of l a t i t u d e  and a harmonic func t ion  of longi tude 

( l o c a l  time) wi th  a per iod of 360' (24  hours ) .  This i s  undoubtedly a 

r a t h e r  crude r ep resen ta t ion  of the t r u e  pro ton  b e l t ,  bu t  i t  can lead t o  

u s e f u l  r e s u l t s .  

i s  t h e  c o l a t i t u d e  and where Q 

func t ion  of v ,  t he  longi tude  angle measured eastward from a re ference  

longi tude .  

o f  Fig.  2;  the  func t ions  der ived  i n  I ,  based on the  r e s u l t s  of Davis 

and Williamson (1962) ,  are shown by the  s o l i d  curve ( i n  which a low 

It i s  convenient t o  w r i t e  Q = Q,(Q) + Q2(Q,P) where 8 

i s  much sma l l e r  than  Q and i s  a harmonic 2 1 

It i s  assumed t h a t  Q,(Q) i s  given by the  t r i a n g u l a r  func t ion  

energy cu t -of f  a t  80 keV i s  assumed f o r  the  pro ton  spectrum) and the  

dashed curve ( f o r  which the  assumed cut -of f  energy i s  60 keV). I f  the  

l a t i t u d i n a l  displacement of the  eccen t r i c  pro ton  b e l t  i s A Q  s i n  ($J - Yo) 3 

then  the  number of protons between "and C p +  d P  and between 6 and 

8 + dQ changes from Q1(Q)2W s i n  QdQdP t o  Q,LQ + D Q  s i n ( 9  - yog 
2TR sin[Q +AQ s i n ( ( p -  yo)] d Q d 9 .  

2 

2 The amount of the  change i s  thus 

[@Q,/aQ)sinQ + Q1cosQ] 277R 2 s i n ( p -  c) AQdQdY = Q 2 ( Q ,  9) 27R 2 s inQdQdP , 

where R i s  the  r ad ius  of  the  ionospheric  s h e l l .  Solving f o r  Q r e s u l t s  i n  2 

Q20(Q> sin(So - Yo) (2) 
aQ1 Q2(Q,P ) = (r + Q, co te )  s in (Y  - u',) f l Q  = 

where Q (Q) i s  def ined by equat ion ( 2 ) .  20 

The south and e a s t  component of the he igh t - in t eg ra t ed  ionospheric  

c u r r e n t  d e n s i t y  a r e  given by 
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- 
j x  - <xEx + %yEy 

j Y = -  XY E x + “ryYEY 

where 9 ci” a r e  the he igh t - in t eg ra t ed  condu xx’ xy’ ‘s;y t i v i t i e s  d 

(3) 

( 4 )  

f ined  

i n  I1 and where the  e l e c t r i c  f i e l d  E = E .  + E i s  t h e  sum of dynamo 

e l e c t r i c  f i e l d  E .  r e s u l t i n g  from the atmospheric wind system (seen from 

the  r o t a t i n g  e a r t h )  and of the s t a t i c  p o l a r i z a t i o n  f i e l d  E = - grad ‘y 

where 3/ i s  t h e  e l e c t r o s t a t i c  p o t e n t i a l .  

v a r e  -R 

-1 -P - 
-1 

-P 

The components of t he  v e l o c i t y  

v = 0 ,  v = 0 - R  s i n e  (5) Rx RY 

where fi i s  the angular  v e l o c i t y  of the e a r t h .  The d r i f t  v e l o c i t y  v 

of t he  foot  o f  a tube of force has the  components ( c f . ,  Equations 2 and 

-D 

3 of I) 

( 6 )  v = - E /B s i n  X, v = E /B s i n  X 
Dx PY DY P X  

where X i s  the  angle  of i n c l i n a t i o n  of the  geomagnetic induct ion  B. The 

d i f f e r e n t i a l  equat ion  (1) may now be w r i t t e n  i n  the  form 

- 

and v a r e  given by equat ions  ( 3 ) ,  ( 4 ) ,  
DY 

where j j v V x y’ Rx’ Ry’ vDx’ 

(5)’ and ( 6 ) .  The c o n d u c t i v i t i e s  cj- and were assumed t o  be 

given by the  equat ions  ( c f . ,  equat ion 24 of  11) 

xx’ r x y ’  YY 
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= - L - l ( j r , d h )  ($.- 0 dh) sinX (9) 
S Y  

(11) 
L = (JcYldh)cos X t ( d 0 d h ) s i n  2 X 2 s  

Values o f  j r o d h ,  Jr ldh,  JC2dh, and j r 3 d h  independent of the c o l a t i t u d e  

a r e  assumed i n  the computations t o  be descr ibed  here .  

v a r i a t i o n  of a l l  t h e  q u a n t i t i e s  i s  assumed. Thus, t he  p o t e n t i a l  i s  

taken a s  

A pure ly  d i u r n a l  

The p o l a r i z a t i o n  f i e l d  i s  then given by 

s i n P  + - Ya cos Y , Y b  E = - -  
PY s id s i n e  

The t i d a l  dynamo f i e l d  i s  assumed t o  be given by 

E = Eb(Q)  COS^ 
i Y  
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and the  components of t he  t i d a l  wind system wi th  per iods  t h a t  a r e  

submult iples  of 24 hours ,  a r e  thus ignored.  

the  p o s i t i o n  of the re ference  meridian wi th  r e spec t  t o  the  t i d a l  wind 

system. Equations ( 2 ) ,  (31 ,  (41 ,  (5)', ( 6 ) ,  (71, (131, (141, (151, 

and (16) may be combined t o  y i e l d  ( i f  Q2, 4?? Q i s  assumed and the  

These equat ions  determine 

1 

e a r t h ' s  magnetic f i e l d  i s  taken as a d ipo le  f i e l d  whose induct ion  a t  

ionospheric  he igh t s  over t he  magnetic pole  i s  B ) t h e  equat ions 
0 

2 

where 

) 
Ql 

'""xy- B 0 cos0 

s = ( fxxsinO) -1 b ( E a r x x s i n O )  a - E + Q 2 0 R ~ s i n 0 s i n ' ~  (22) 

& = ( TXxsinQ)  -1 b ( E b r x y s i n O ) -  3 E a r  + Q 2 0 R n s i n 0 c o s ~ ]  . (23)  

b YY 

XY 

These two simultaneous l i n e a r  second order  d i f f e r e n t i a l  equat ions determine 

and )(lby and thus i n d i r e c t l y  the p o l a r i z a t i o n  f i e l d  E ( c f . ,  eq. 13 

and 14) and the cu r ren t  dens i ty  - j ( c f . ,  eq .  3 ,  4 ,  8,  9 ,  1 0 ,  11). Af ter  

t he  i n t r o d u c t i o n  of two new va r i ab le s  u 

Ya -P 

= 3Ya/a0 and ub = aYb/d0, the a 
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four first order simultaneous differential equations resulting from 

equations (17) and (18) were solved numerically by the Runge-Kutta 

method. Two particular solutions of the reduced equations and one 

particular solution of the complete equations were superimposed to 

satisfy the boundary conditions near the pole as outlined in 11; the 

solutions were carried to within 0.5 of  the pole. 0 

If Q, and Q2, are set equal to zero in equations (17 - 23), then 

they become almost equivalent to equations (17) and (18) of I1 although 

the present equations apply to diurnal variations, whereas the equations 

in I1 applied to semidiurnal variations. It has already been mentioned 

that the program was in fact written for a tidal wind period of 24/11 

hours. The program could thus be checked against the numerical solution 

obtained in 11. 

Equations (17 - 23) may be applied to either of the two mechanisms 
discussed in the previous section. In the first mechanism the interaction 

of magnetospheric rotation with the belt of protons trapped in a disturbed 

geomagnetic field was considered; the corresponding solution of 

equations (17 - 23) is obtained by setting E = E = 0. The solution is 

clearly proportional to 0 8 ,  i.e., to the distortion of the geomagnetic 

1’ field. The dependence of the solution on the conductivities and on Q 

the equivalent surface charge density of the proton belt, is more complex 

as will be shown in the next section. 

a b  

The second mechanism is based on the interaction of tidal motions 

with the trapped proton belt; the corresponding solution of equations 

(17 - 23) is obtained by setting Q - 0. It is particularly instructive 20 
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t o  f ind  the  d i f f e r e n t i a l  equat ions f o r  the  d i f f e r e n c e  between the  

s o l u t i o n s  i n  the  absence and i n  the presence of the trapped pro tons .  

I f  y‘ a ,  yb a r e  the  s o l u t i o n s  i n  the absence of the  trapped pro tons  and 

va + ATa,  yb + Ar‘, a r e  the so lu t ions  i n  the  presence of the  trapped 

pro tons ,  then  i t  may be e a s i l y  shown t h a t  AYa and dyb s a t i s f y  

d i f f e r e n t i a l  equat ions  which may be obtained from equat ions (17 - 23) 

i f  Lly and A y b  a r e  s u b s t i t u t e d  for  ya and ‘fb, Ea and E 

equal  t o  zero and the  expressions 

a r e  s e t  a b 

1 
- y b ( Q )  - (  3 Ql 

Q20sin)cb = R n s i n Q  dQ BocosQ 

a r e  used t o  de f ine  Q and yo. The d e f i n i t i o n  of Q2, by (24) and 20 

(25) resembles the  d e f i n i t i o n  of Q by (2)  i n  terms of the displacement 20 

of t h e  pro ton  b e l t ,  due t o  geomagnetic d i s t o r t i o n ;  i n  both cases  Q i s  

roughly p ropor t iona l  t o  aQ /aQ s ince  Q i s  a r ap id ly  varying func t ion  of 1 1 

the  l a t i t u d e .  The two d e f i n i t i o n s  a r e  roughly i d e n t i c a l  i f  I1UQ = 

20 

( ya2 + ‘yb2)’/B s inQcosQ,  o r  i f  the plasma s t reaming v e l o c i t i e s  across  the  
0 

proton  b e l t  a r e  the  same. This shows t h a t  the pe r tu rba t ion  of the  t i d a l  

dynamo c u r r e n t  system by the b e l t  of t rapped pro tons  produces an a d d i t i o n a l  

c u r r e n t  system t h a t  i s  e s s e n t i a l l y  s i m i l a r  t o  the  c u r r e n t  system due t o  

the  i n t e r a c t i o n  of magnetospheric r o t a t i o n  wi th  the b e l t  of pro tons  trapped 

i n  a d i s t o r t e d  magnetic f i e l d ,  although i t  may not  agree  with i t  i n  phase. 

I n  view of t he  s i m i l a r i t y  of t he  two c u r r e n t  systems only the one due 

t o  geomagnetic d i s t o r t i o n  by the  s o l a r  wind w i l l  be computed i n  the 
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fol lowing s e c t i o n ,  although a d i scuss ion  of both c u r r e n t  genera t ing  

mechanisms w i l l  follow. 

4. Computations of Ionospheric  Current Systems 

The fol lowing assumptions a r e  common t o  a l l  computations discussed 

0 i n  the p re sen t  s ec t ion :  E = Eb = 0 (no t i d a l  motions) ,  A0 = 7 , a 

JC2dh/ jg ldh  = 3 .5 ,  d ' 3  0' dh/ s P1dh = 30,  JcYodh/JcYldh = 100. The 

0 v a l u e A Q  = 7 corresponds t o  a f a i r l y  l a r g e  geomagnetic d i s t o r t i o n  and 

a maximum plasma streaming v e l o c i t y  o f  ZLMQ = 58 m/sec ac ross  the  

pro ton  b e l t .  The c u r r e n t  system i s  p ropor t iona l  t o A 8  and thus the  

r e s u l t s  of the  computations can e a s i l y  be modified t o  apply t o  any va lue  

o f 0 Q .  The assumed r a t i o s  of  t h e  he igh t - in t eg ra t ed  c o n d u c t i v i t i e s  a r e  

i d e n t i c a l  t o  those  used i n  11. The f i r s t  two of t hese  r a t i o s  could have 

va lues  cons iderably  smal le r  than  those assumed above, p a r t i c u l a r l y  a t  

n i g h t  i n  the  absence of sporadic  E i o n i z a t i o n  when the  F reg ion  makes a 

r e l a t i v e l y  l a r g e  c o n t r i b u t i o n  t o  CY dh but  not t o  f dh; on the o t h e r  

hand, i n  the  presence of very s t rong  sporadic  E i o n i z a t i o n  the  r a t i o s  may 
S 1  s 2  

wel l  have va lues  higher  than the  assumed ones. 

Four computations have been c a r r i e d  out  corresponding t o  JC dh = 46, 2 

14 ,  4 .6 ,  and 0.46 m.k.s. u n i t s  (mhos). These s o l u t i o n s  remain v a l i d  i f  
n 

J t 2 d h  (and the  o t h e r  he ight - in tegra ted  conduc t iv i t i e s )  , t he  computed 

c u r r e n t  d e n s i t y ,  and the  assumed d i s t r i b u t i o n  of Q ( c f . ,  Fig.  2) a r e  a l l  

m u l t i p l i e d  by a cons tan t  f a c t o r .  

The computed c u r r e n t  systems a r e  shown by Figures  3a - 3d. The 

e l e c t r i c  f i e l d s  d r i v i n g  the  cu r ren t s  may be der ived from Figures  4a - 4c, 
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which show l i n e s  of equal  p o t e n t i a l  f o r  the  f i r s t  t h r e e  va lues  of [c2dh. 

The Ha l l  cu r ren t  flows i n  the  d i r e c t i o n  of the  l i n e s  of e q u i p o t e n t i a l  s o  

t h a t  Figures  4a - 4c i n d i c a t e ,  i n  a sense ,  t he  flow l i n e s  of the  H a l l  

c u r r e n t ,  which does not  d i f f e r  g r e a t l y  from the  t o t a l  ionospheric  c u r r e n t  

under the  p re sen t  assumptions,  except i n  the  v i c i n i t y  of the  geomagnetic 

equator .  The p o t e n t i a l  d i f f e renceAV between neighboring l i n e s  i s  

ind ica t ed  on each of the  Figures  4a - 4c; F igures  4a and 4b a r e  drawn 

somewhat i naccura t e ly  i n  the au ro ra l  zone where some of t he  l i n e s  would 

otherwise merge with each o the r .  

Figure 3a shows the amplitude and phase of the  ionospher ic  c u r r e n t  

f o r  a he igh t - in t eg ra t ed  conduct iv i ty  Jr2dh = 46 mhos, which i s  about 

twice as high a s  the mid-day conduct iv i ty  a t  moderate l a t i t u d e s  (Chapman 

1956) .  The cu r ren t  system represented by Fig.  3a c l o s e l y  resembles 

Chapman's (1935) i d e a l i z e d  D s  cu r ren t  system. The east-west c u r r e n t s  i n  

the  a u r o r a l  zone a r e  exac t ly  out  of phase wi th  those a t  h igher  o r  lower 

l a t i t u d e s .  I n  the  a u r o r a l  zone, the change from a c u r r e n t  towards the 

e a s t  t o  a c u r r e n t  towards the  w e s t  i s  seen t o  occur  a t  almost exac t ly  

midnight .  The amplitude of the  east-west c u r r e n t  d e n s i t y  has a very 

pronounced maximum i n  the  a u r o r a l  zone and a very  much weaker maximum a t  

t he  equator .  The a u r o r a l  zone maximum of about 63 amps/km corresponds 

t o  a change i n  the  h o r i z o n t a l  component of the magnetic f i e l d  of about 

8 0 r  i f  t he  e a r t h  i s  taken t o  be a p e r f e c t  conductor and the magnetic 

f i e l d  change i s  taken t o  be caused by a uniform ionospheric  c u r r e n t  dens i ty  

and an  e a r t h  c u r r e n t  dens i ty  of equal magnitude and oppos i te  d i r e c t i o n .  
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Figure 3b shows t h a t  t h e  maximum cur ren t  d e n s i t y  i n  the a u r o r a l  zone 

decreases  very  l i t t l e  as the  conduct iv i ty  i s  decreased t o  JC2dh = 14 mhos. 

There i s ,  however, a change i n  the  phase of t he  c u r r e n t s  nor th  and south 

of t h e  a u r o r a l  zone; the  phase of  the  c u r r e n t s  i s  advanced i n  the  p o l a r  

cap and i s  r e t a rded  a t  lower l a t i t u d e s  by about two hours.  The change 

from e a s t  t o  w e s t  i n  the d i r e c t i o n  of c u r r e n t  flow s t i l l  occurs nea r ly  a t  

midnight i n  the  a u r o r a l  zone. 

Figure 3c shows t h a t  as the  conduct iv i ty  i s  decreased f u r t h e r  t o  

Jr2dh = 4.6 mhos, the  maximum cur ren t  d e n s i t y  i n  the  a u r o r a l  zone i s  

reduced cons iderably  t o  about 2 2  amps/km, corresponding t o  a magnetic 

f i e l d  change of only 28 $. 

l o w  l a t i t u d e s  i s  not  y e t  s i g n i f i c a n t l y  changed by the  reduced conduct iv i ty .  

A s  t h e  conduc t iv i ty  i s  f u r t h e r  reduced, however, t o  Jf2dh = 0.46 mhos, 

t h e  c u r r e n t  d e n s i t y  i s  g r e a t l y  reduced a t  a l l  l a t i t u d e s  a s  shown by 

Fig.  3d. It should be pointed out he re  t h a t  when the  va lue  of the  he igh t  - 

The cu r ren t  d e n s i t y  i n  the p o l a r  cap and a t  

i n t e g r a t e d  Ha l l  conduct iv i ty  reaches such 

Jr2dh/Jcldh i s  probably much lower than 

computations and may even by smaller than  
n 

low va lues ,  t h e  r a t i o  

the  va lue  of 3 .5  assumed i n  the  

un i ty .  No computations were 
n 

c a r r i e d  ou t  f o r  such low r a t i o s  of r 2 d h / J  Tldh. 

Figure 4a shows a remarkable s i m i l a r i t y  of t h e  H a l l  c u r r e n t  system 

t o  Chapman's (1935) i d e a l i z e d  D s  cur ren t  system; the  s i m i l a r i t y  would be 

even g r e a t e r  i f  the  t o t a l  c u r r e n t s  r a t h e r  than  the H a l l  c u r r e n t s  were 

d i sp layed .  The e l e c t r i c  f i e l d s  are  r e l a t i v e l y  weak; they would be 

vanish ingly  s m a l l  f o r  an  i n f i n i t e l y  h igh  conduc t iv i ty .  It i s  i n t e r e s t i n g  

t o  no te  t h a t  the  two l i n e s  of equ ipo ten t i a l  ( o r  H a l l  c u r r e n t  flow) 
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n e a r e s t  t o  the  pole  (not  the  l i n e  through the  pole)  have an e n t i r e l y  

d i f f e r e n t  shape from the  o the r  l i n e s ;  a s i m i l a r  p a i r  of c u r r e n t  flow 

l i n e s  i s  shown by the D s  c u r r e n t  system given by Fig.  3c of  Obayashi 

and Jacobs (1957) ( o r i g i n a l l y  due t o  Vestine e t  a1  1947). A s  t h e  

conduc t iv i ty  i s  reduced, more l i n e s  of  e q u i p o t e n t i a l  assume the  

p e c u l i a r  shape of the  above two l i n e s ;  a t  the same time the  c u r r e n t  

system i s  r o t a t e d  clockwise i n  the p o l a r  cap and an t ic lockwise  a t  low 

l a t i t u d e s  a s  shown by Fig.  4b. 

r e s u l t s  i n  the l i n e s  of equ ipo ten t i a l  of Fig.  4c,  i n  which the  

clockwise and counterclockwise r o t a t i o n  of the p o l a r  cap and low 

l a t i t u d e  c u r r e n t  systems approaches 90 . It should be noted t h a t  t he  

e l e c t r i c  f i e l d s  a r e  l a r g e s t  when the conduct iv i ty  i s  lowes t ,  i . e . ,  

on Fig.  4c. 

A f u r t h e r  reduct ion  of conduc t iv i ty  

0 

5. Required and Avai lable  Ionospheric  Conduct iv i t ies  

The most important s i n g l e  r e s u l t  of the p re sen t  computations i s  the 

l i m i t a t i o n  of the  proposed mechanism by the  a v a i l a b l e  ionospheric  

conduc t iv i ty .  The computations were based on the  q u i e t  time pro ton  b e l t  

and show ( c f . ,  F ig ,  3b) t h a t  a t  qu ie t  times, a he igh t - in t eg ra t ed  Hal l  

conduc t iv i ty  of 14 mhos can r e s u l t  i n  h o r i z o n t a l  f i e l d  changes of about 

7 0 b  . I n  the  summer, t h e  ionospheric  conduc t iv i ty  due t o  s o l a r  

u l t r a v i o l e t  r a d i a t i o n  i s  not fa r  sho r t  of t h i s  va lue  and i s  thus 

s u f f i c i e n t  t o  exp la in  t h e  Ds-like c u r r e n t  observed dur ing  q u i e t  days 

( F a i r f i e l d  1963). 

andA8  were t o  some e x t e n t  a r b i t r a r y  and much l a r g e r  va lues  of Q may 

occur  even a t  q u i e t  t i m e s .  

It i s  t o  be emphasized t h a t  t he  assumed va lues  of Q 
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of the  computations make i t  c l e a r  t h a t  much l a r g e r  

and ]p2dh than those used i n  the  c a l c u l a t i o n  leading  

t o  Fig.  3b, would be requi red  t o  account f o r  the  magnetic v a r i a t i o n s  

observed during storms. I f  Fig.  3c were r e i n t e r p r e t e d  a s  a t e n  times 

more i n t e n s e  c u r r e n t  system caused by t en  t i m e s  l a r g e r  values  of Q 

than those ind ica t ed  i n  Fig.  2 and a he igh t - in t eg ra t ed  Hal l  conduct iv i ty  

of J 5 d h  = 46 mhos, then such a cu r ren t  system would exp la in  the l a r g e  

magnetic v a r i a t i o n s  of s eve ra l  hundred gammas observed during magnetic 

s torms.  Such a high conduct iv i ty  would probably be present  during 

sporadic  E cond i t ions .  Under such condi t ions  t h e  conduct iv i ty  would 

probably be h igher  i n  the  au ro ra l  zone, where the  l i m i t a t i o n  of the 

c u r r e n t  by conduct iv i ty  i s  most severe,  than  i n  the  p o l a r  cap. 

The r e s u l t s  of the  p re sen t  computations a l s o  exp la in  the  observed 

c o r r e l a t i o n  between b lanket ing  sporadic E and magnetic d i s turbances  

(Matsushi ta  1962); both a r e  ( a t  l e a s t  p a r t l y )  man i fe s t a t ions  of enhanced 

ionospher ic  e l e c t r o n  concent ra t ions  a t  he igh t s  of about 100-140 km. 

It should be pointed out here t h a t  the c u r r e n t  genera t ing  mechanism 

of the  p re sen t  paper  tends t o  a c t  a s  a source of cons tan t  c u r r e n t ,  a s  

shown by Figures  3a and 3b,  while t he  ionospher ic  conduct iv i ty  i s  

s u f f i c i e n t l y  h igh .  

t h e  r e a c t i o n  of  t he  e l e c t r i c  f i e l d s ,  t h a t  d r i v e  the  ionospheric  c u r r e n t s ,  

on the  motions of the  magnetosphere. Since the  d r i v i n g  e l e c t r i c  f i e l d s  

a r e  p r imar i ly  mer id iona l ,  they cause mainly azimuthal magnetospheric 

motions t h a t ,  i n  t he  f i r s t  approximation, do not  r e a c t  back on the 

o r i g i n a l  meridional  magnetospheric motions r e spons ib l e  f o r  the  cu r ren t  

The l i m i t a t i o n  of t he  c u r r e n t  system i s  caused by 



- 2 1  - 

system. The d r i v i n g  e l e c t r i c  f i e l d s  a r e  n o t ,  however, exac t ly  mer id iona l  

and the re fo re  some feedback does occur and even tua l ly  l i m i t s  t he  c u r r e n t  

system, as shown by the r e s u l t s  of t h i s  paper .  It should be emphasized 

t h a t  the  p re sen t  c a l c u l a t i o n s  only i n d i c a t e  the  l i m i t a t i o n  of t h e  t o t a l  

e l e c t r o j e t  c u r r e n t  by conduct ivi ty;  the  he igh t - in t eg ra t ed  o r  l i n e a r  

c u r r e n t  d e n s i t i e s  could be considerably g r e a t e r  than  those c a l c u l a t e d  

i n  t h i s  paper  i f  t he  l a t i t u d e  range of t he  trapped protons were smal le r  

than the  16  

occurred over  a very narrow l a t i t u d e  range. 

0 used i n  the  computations, o r  i f  an enhancement of Q 

6 .  Motions i n  Radar Echoes from Aurora and Ionospheric  Conduct ivi ty  

I n  a d d i t i o n  t o  the  sporadic  E traces on ionograms, t he re  i s  i n d i r e c t  

evidence t o  i n d i c a t e  t h a t  t he  night-t ime Hal l  conduct iv i ty  of the  E 

reg ion  i s  considerably h igher  near t he  a u r o r a l  zone, a t  l e a s t  when r a d i o  

aurora  i s  observed, than the  conduct iv i ty  due t o  a decaying E l a y e r  

which w a s  produced by s o l a r  photons dur ing  the  day. Lyon and Kavadas 

(1958) have shown t h a t  the d i r e c t i o n  of motion ( e a s t  o r  west) of 

a u r o r a l  r a d a r  echoes i s  s t rong ly  c o r r e l a t e d  wi th  the  d i r e c t i o n  of t he  

a u r o r a l  e l e c t r o j e t .  I f  the mean values  of the  v e l o c i t y  a r e  compared t o  

mean va lues  of the  magnetic d i s turbance ,  then a v e l o c i t y  of 15 km/min 

o r  250 m/sec corresponds t o  a ho r i zon ta l  magnetic d i s turbance  of  150 5 
( c f . ,  Fig.  6 of Lyon and Kavadas). I f  t he  v e l o c i t y  of motion of a u r o r a l  

echoes i s  i n t e r p r e t e d  as a plasma d r i f t  v e l o c i t y  in the presence of  

combined e l e c t r i c  and magnetic f i e l d s ,  a v e l o c i t y  of 250 m/sec corresponds 

t o  an  e l e c t r i c  f i e l d  of  14 volts/km. A magnetic d i s turbance  of  150 k ,  i f  

i n t e r p r e t e d  a s  a r e s u l t  of a uniform ionospher ic  c u r r e n t  shee t  and a 
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corresponding earth current sheet of equal intensity, corresponds to a 

height-integrated ionospheric current density of 120 amps/km. 

corresponding height-integrated Hall conductivity f is therefore 

1 2 0 / 1 4  = 8.6 mhos, a value that would be more characteristic of midday 

than of nighttime conditions at auroral latitudes if solar photons were 

the only cause of the ionization. 

show that individual values of the velocity and the magnetic field are 

not at all well correlated in magnitude although they are almost 

The 

XY 

Moreover, Lyon and Kavadas (1958) 

. perfectly correlated in sign (direction). In this interpretation, lack 

of correlation in magnitude will have to be explained by changes in 

ionospheric conductivity. The lowest observed conductivity would be 

represented by a combination of a velocity of about 30 km/min with a 

magnetic disturbance of about 200 )( on the scatter plot given by Lyon 

and Kavadas (their Fig. 7); a height-integrated conductivity # r~ 

J5dh-5.7 mhos is obtained. The highest value of the conductivity 

obtained from the scatter plot would be infinity if the large number 

of points with zero velocity and high magnetic disturbance were used. 

Even if the points with zero velocity are ignored, a combination of a 

velocity of 7 km/min with a disturbance of 500 

height-integrated conductivity of 62 mhos, a value far higher than the 

height-integrated midday conductivity at moderate latitudes but not 

impossibly high for severe sporadic E conditions. 

XY 

leads to a maximum 
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7 .  Diurna l ly  Recurring Events 

The p resen t  assumption, made f o r  i t s  convenience i n  computations,  

of an  asymmetric pro ton  b e l t  i n  a d i p o l e  magnetic f i e l d  i s  h ighly  

a r t i f i c i a l ,  The o r b i t s  of trapped p a r t i c l e s  i n  a magnetic f i e l d  d i s t o r t e d  

by the  s o l a r  wind have been s tudied by Hones (1963) on a somewhat more 

r e a l i s t i c  bas i s .  H i s  r e s u l t s  show t h a t  a b e l t  of pro tons  wi th  r e l a t i v e l y  

high e q u a t o r i a l  p i t c h  angles  must be concentrated over  a more narrow range 

of lower l a t i t u d e s  (pro jec ted  t o  the e a r t h  a long f i e l d  l i n e s )  on the  

n igh t - s ide  than  on the  day-side;  t h i s  would lead  t o  a more narrow 

e l e c t r o j e t  c u r r e n t  a t  a lower l a t i t u d e  on t h e  n igh t - s ide  than on the  

day-side.  An observing s t a t i o n  of a given magnetic l a t i t u d e  w i l l  thus  

change i t s  p o s i t i o n  i n  the  north-south d i r e c t i o n  wi th  r e spec t  t o  the  

e l e c t r o j e t  cu r ren t  as i t  r o t a t e s  underneath i t .  I f  a cu r ren t  dens i ty  

enhancement wi th in  the  e l e c t r o j e t  were t o  occur over a very  narrow range 

of l a t i t u d e s ,  then  the observed magnetic f i e l d  of the  enhanced cu r ren t  

would be g r e a t e s t  when the  observing s t a t i o n  passed under i t .  This would 

occur  twice a day a t  two sepa ra t e  l o c a l  t i m e s ,  d i f f e r e n t  f o r  d i f f e r e n t  

s t a t i o n s ,  and perhaps the  observed d a i l y  recur rences  of c e r t a i n  f ea tu res  

of magnetic records  f o r  s e v e r a l  days (Chapman and Bartels 1940) may be 

explained i n  t h i s  manner. 

8. The Second Mechanism 

It was t a c i t l y  assumed i n  the preceding d i scuss ion  t h a t  t he  d i s t o r t i o n  

of t he  geomagnetic f i e l d  by the  s o l a r  wind and the  r e s u l t i n g  streaming of  

exospheric  low energy plasma across  the  pro ton  b e l t  ( t h e  f i r s t  mechanism), 
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i l l u s t r a t e d  by Fig.  1, causes  the c u r r e n t  system respons ib le  f o r  magnetic 

d i s tu rbances .  A s t reaming of exospheric low energy plasma ac ross  a b e l t  

of high energy trapped pro tons  can, however, a l s o  be caused by any 

exospheric  e l e c t r o s t a t i c  p o l a r i z a t i o n  f i e l d  t h a t  has a component p a r a l l e l  

t o  the  s h e l l  of trapped protons ( t h e  second mechanism). The p o l a r i z a t i o n  

f i e l d  a s soc ia t ed  wi th  the t i d a l  dynamo c u r r e n t s  (Martyn 1947) should 

t h e r e f o r e  a l s o  lead  t o  a cur ren t  system s i m i l a r  t o  t h a t  caused by the 

mechanism of Fig.  1, but of t he  oppos i te  phase i f  the  gene ra l ly  accepted 

phase of the  t i d a l  p o l a r i z a t i o n  f i e l d  (Maeda 1955) i s  assumed. It thus 

appears  t h a t  the t i d a l  p o l a r i z a t i o n  f i e l d s  cannot cause the  observed 

d is turbance  v a r i a t i o n s  unless  e l ec t rons  predominate among the  high energy 

p a r t i c l e s .  S a t e l l i t e  observat ions i n d i c a t e ,  however, t h a t  t he  ma jo r i ty  

of high energy p a r t i c l e s  a r e  protons.  

e n t i r e l y  sepa ra t e  high a l t i t u d e  wind system of  the  requi red  phase a t  

h igh  l a t i t u d e s  cannot ,  however, be a l t o g e t h e r  d i s regarded .  

de te rmina t ion  of wind v e l o c i t i e s  i n  the  100-140 km range i n  the  au ro ra l  

zone would be of cons iderable  i n t e r e s t  i n  t h i s  connection. 

The u n l i k e l y  p o s s i b i l i t y  of an 

An experimental  

9.  The Dynamo Theory of Auroral E l e c t r o j e t s  

I f  the  p o s s i b i l i t y  of  a high a l t i t u d e  wind system whose phase a t  

a u r o r a l  l a t i t u d e s  d i f f e r s  from the usua l ly  accepted phase of the  t i d a l  

wind system (Maeda 1955) i s  admitted,  then  the  D s  cu r ren t  system and the  

a u r o r a l  e l e c t r o j e t s  could ,  i n  p r i n c i p l e ,  be produced by dynamo a c t i o n  

combined wi th  an enhancement of ionospheric  conduct iv i ty  i n  the  a u r o r a l  

zone. Maeda (1957) a l r eady  discussed such a mechanism and der ived  the  

wind system requi red  t o  produce the  observed D s  v a r i a t i o n s  on t h e  
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assumption of enhanced ionospheric auroral zone conductivities consistent 

with sporadic E observations. The wind velocities obtained by him were 

very high (200-400 m/sec), and the wind patterns were rather complicated 

and very different from the tidal pattern, 

More recently Swift (1963a, 1963b) again considered the dynamo 

mechanism as a cause of auroral electrojets. In his first paper (Swift 

1963a) he considered a one-dimensional mechanism in which a uniform wind 

was blowing across a horizontal strip of enhanced conductivity; the 

conductivity was taken to depend only on one horizontal coordinate, 

(There is an inconsistency in this first paper of Swift because he applies 

the one-dimensional result to a model in which the conductivity also 

depends on the height, and in this way he greatly overestimates the 

electrojet current resulting from his model.) 

In a second paper Swift (196313) considers a more realistic two- 

dimensional mechanism in which the conductivity is taken to depend on 

both horizontal coordinates (but is still independent of the height), 

He considers the interaction of a uniform wind with a narrow ring of 

enhanced conductivity (such as would exist in the auroral zone) and shows 

that the resulting current system is very different from the Ds current 

system derived from magnetic observations. The computed current density 

almost vanishes inside the ring, although the observations indicate a 

high Ds current density over the polar cap; Swift's work thus confirms 

Maeda's (1957) conclusion that a purely dynamo theory of the Ds current 

system requires a rather complicated wind system which is unlikely to 

exist. 
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10. Mid- la t i tude  Red Arcs 

Another a p p l i c a t i o n  of the theory ou t l ined  i n  I and i n  t h i s  paper  

has been suggested t o  the  author by L. R. Megil l  and N. P. Carleton.  

Ca lcu la t ions  by Megil l  and Carleton (1963) suggest  t h a t  mid - l a t i t ude  

red a r c s  and the  high a l t i t u d e  red po r t ion  of type-A aurora  a r e  caused 

by s t a t i c  meridional  e l e c t r i c  p o l a r i z a t i o n  f i e l d s  very s imilar  t o  those  

t h a t  a r e  produced by the mechanisms of I and the  p re sen t  paper i f  the  

ex i s t ence  of a b e l t  of t rapped p a r t i c l e s  over  a narrow range of magnetic 

l a t i t u d e s  above the  red a r c  i s  assumed. A t  m id - l a t i t udes  the i n t e r a c t i o n  

of these  trapped p a r t i c l e s  with magnetospheric motions of  t i d a l  o r i g i n  

i s  probably more important  than t h e i r  i n t e r a c t i o n  wi th  magnetospheric 

r o t a t i o n  i n  a d i s t o r t e d  geomagnetic f i e l d .  Since t h e  i n t e r a c t i o n  

mechanism resembles a cons t an t  cu r ren t  gene ra to r ,  t h e  generated e l e c t r o -  

s t a t i c  f i e l d s  w i l l  be most i n t ense  a t  n igh t  when the  ionospheric  

conduc t iv i ty  i s  low. The feedback of the  e l e c t r i c  f i e l d  on the  o r i g i n a l  

magnetospheric motions i s  believed t o  be r e l a t i v e l y  small  on account of 

t h e  small  l a t i t u d e  range of the a r c .  

11. Conclusions 

It has been shown t h a t  the i n t e r a c  ion  of t rapped energe i c  pro  

wi th  magnetospheric r o t a t i o n  i n  a geomagnetic f i e l d  d i s t o r t e d  by the 

ons 

s o l a r  

wind could cause the  observed Ds d is turbance  v a r i a t i o n s  of the  magnetic 

f i e l d .  The q u i e t  day Ds-type v a r i a t i o n s  ( F a i r f i e l d  1963) a r e  reasonably 

w e l l  explained i f  a b e l t  of ene rge t i c  pro tons  der ived  from Explorer  XI1 

observa t ions  (Davis and Williamson 1962) i s  assumed; the  E region 

i o n i z a t i o n  produced by s o l a r  u l t r a v i o l e t  r a d i a t i o n  provides  a s u f f i c i e n t l y  
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conducting pa th  f o r  the  cu r ren t s  produced, a t  l e a s t  i n  daytime. 

l a r g e  D s  v a r i a t i o n s  observed during magnetic storms can, on the  o t h e r  

hand, only be explained i f  i n  add i t ion  t o  the  enhancement i n  the  number 

of trapped protons a l a r g e  enhancement i n  ionospheric  conduc t iv i ty ,  

t o  va lues  cons iderably  g r e a t e r  than  those  c h a r a c t e r i s t i c  of moderate 

l a t i t u d e s  a t  midday, i s  pos tu l a t ed ,  p a r t i c u l a r l y  a t  n igh t .  Such an  

enhancement could occur during sporadic  E condi t ions .  It i s  suggested 

t h a t  r ada r  observa t ions  of au ro ra l  motions (Lyon and Kavadas 1958) could 

be i n t e r p r e t e d  a s  evidence f o r  the ex i s t ence  of such high c o n d u c t i v i t i e s  

a t  times when a u r o r a l  radar  r e f l e c t i o n s  a r e  observed. 

The 
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CAPTIONS FOR FIGURES 

Figure 1 Schematic r ep resen ta t ion  i n  the e q u a t o r i a l  p lane  of the  

d isp laced  b e l t  of trapped protons and of  a stream l i n e  of 

the  low energy plasma r o t a t i n g  i n  the  geomagnetic f i e l d  

d i s t o r t e d  by the  s o l a r  wind. 

inward ac ross  the proton b e l t  during the  morning hours and 

outward during the evening hours.  

The low energy plasma streims 

Figure 2. The space charge,  

contained i n  a tube of fo rce  t h a t  carves  an  a rea  of 1 cm 

(0.5 cm2 a t  each of  i t s  f e e t )  ou t  of t he  ionospher ic  s h e l l ,  

a s  a func t ion  of t h e  l a t i t u d e .  The s o l i d  and dashed curves 

were der ived i n  I from the  observa t ions  descr ibed  by Davis 

and Williamson (1962), and r ep resen t  two d i f f e r e n t  ex t r apo la t ions  

of t h e i r  r e s u l t s .  The t r i a n g u l a r  func t ion  ind ica t ed  by s o l i d  

l i n e s  r ep resen t s  t h e  assumption of the  p re sen t  c a l c u l a t i o n s .  

1Q1 , of t h e  trapped e n e r g e t i c  pro tons  

2 

Figure 3a-3d. The c a l c u l a t e d  amplitudes and phases of the  he igh t - in t eg ra t ed  

cu r ren t  d e n s i t y  components as func t ions  of the  l a t i t u d e ,  f o r  

d i f f e r e n t  va lues  o f  the he igh t - in t eg ra t ed  Hal l  conduct iv i ty  

[&2dh. 

components of  t he  he ight - in tegra ted  c u r r e n t  dens i ty .  The s o l i d  

l i n e s  i n d i c a t e  the h ighes t  absolu te  va lue  attained by each 

component dur ing  i t s  d iu rna l  v a r i a t i o n ;  t he  i n t e r r u p t e d  l i n e s  

show the  l o c a l  t i m e s  when the  s i g n  of each component changes 

from p o s i t i v e  t o  negat ive ( e a s t  t o  west o r  south  t o  no r th ) .  

The l a b e l s  E and S denote the  east  and the  south 
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Figure  4a-4c. Lines of  equ ipo ten t i a l  of t he  e l e c t r i c  p o l a r i z a t i o n  

f i e l d  d r i v i n g  the cu r ren t s  of Fig.  3a-3d. The va lues  of 

t h e  he igh t - in t eg ra t ed  H a l l  conduc t iv i ty  Je2dh and of t h e  

p o t e n t i a l  d i f f e r e n c e  AV between neighboring l i n e s  a r e  shown 

i n  each o f  t he  f igu res .  The l i n e s  of e q u i p o t e n t i a l  can a l s o  

be i n t e r p r e t e d  a s  l i n e s  of Ha l l  c u r r e n t  flow; the  arrows 

i n d i c a t e  t h e  d i r e c t i o n  of c u r r e n t  flow. 
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